A physical analysis of water movement through elongating soybean (Glycine max L. Merr.) hypocotyls was made to determine why significant water potentials persist in growing tissues even though the external water potentials were zero and transpiration is virtually zero. The analysis was based on a water transport theory modified for growth and assumed that water for growing cells would move through and along the ceUs in proportion to the conductivity of the various pathways.
sustaining water had to move through this part of the tissue. Average water potentials calculated for the entire growing region were -0.9 to -2.2 bars depending on the tissue diffusivity.
For comparison with the calculations, average water potentials were measured in elongating soybean hypocotyls using isoplestic thermocouple psychrometers for intact and excised tissue. In plants having virtually no transpiration and growing in Vermiculite with a water potential of -0.1 bar, rapidly growing hypocotyl tissue had water potentials of -1.7 to -2.1 bars when intact and -2.5 bars when excised. In mature, nongrowing hypocotyl tissue, average water potentials were -0.4 bar regardless of whether the tissue was intact or excised.
The close correspondence between predicted and measured water potentials in growing tissue indicates that significant gradients in water potential are required to move growth-associated water through and around ceUs over macroscopic distances. The presence of such gradients during growth indicates that cells must have different cell wall and/or osmotic properties at different positions in the tissue in order for organized growth to occur. The mathematical development used in this study represents the philosophy that would have to be followed for the application of contemporary growth theory when significant tissue water potential gradients are present.
move this growth-sustaining water is what we call a growthinduced water potential (7, 27) . Such water potentials must accomplish two things. First, they must be sufficiently low to move water from its source through various tissues to the growing cells; and second, they must cause the water to enter the cells. It can be calculated that only small water potential differences are required to cause a growth-sustaining water flux to enter a cell. For example, a cell having a membrane permeability representative of higher plant cells (ie. 10-6 cm sec-' bar-'; II, 31) and a very high growth-sustaining water flux across that membrane (e.g. 10-7 cm sec-') would require a water potential drop of 10-7/ 10-; = 0.1 bar. Thus, for cells located within a tissue, there would almost be local water potential equilibrium between each protoplast and its immediate surroundings. Nevertheless, since most of these cells would be separated from the ultimate source of water by intervening cells, growth-sustaining water fluxes might involve significant water potential gradients through the tissue.
Most studies of tissue growth have assumed osmotic equilibrium between the entire tissue and the environment (9, 27) . However, measurements show a persistent growth-induced disequilibrium in water potential between tissue and its aqueous environment (3, 4, 16) . Initial efforts have been made to predict the magnitude of this disequilibrium in oat coleoptiles (29) and in leaf discs (24) , but there are no studies that combine predictions and water potential measurements in the same system. The objective of the following work is to present a physical basis for growth-induced water potentials in a hypocotyl tissue system and to test the resulting predictions with direct measurements.
THEORY
The theoretical portion of this study will be based upon the steady-state form of the water transport equation derived by Molz and Ikenberry (23) , with a term added to represent growth-induced water uptake (24; see also Appendix). Since the tissue involved in the experiments was in the form of a solid cylinder, application will be made in the geometry shown in Figure I (growth occurred while the tissue was intact and water moved radially inward and outward from the xylem in the tissue cylinder). In this case, the equation takes the form:
The growth of plant cells results from extension of the constricting cell wall (9) . In order for growth to be maintained, water must move from some source of supply into the protoplast. As a result, the water potential of the protoplast must be below the (2) where A = cross-sectional area of vacuolar pathway (cm2), a = cross-sectional area of cell wall pathway (cm2), ITo = osmotic pressure at zero turgor (bar), Ax = diameter of cell (cm), K = permeability of cytoplasmic complex separating cell wall from vacuole (cm sec-' bar-'), Vo = cell volume at zero turgor pressure (cm3), Wv = volume of cell wall/cell (cm3), P = hydraulic conductivity of the cell wall (cm2 sec-' bar-'), and S = specific water capacity of the cell wall material (cm3 cm-' bar-'). Equation 2 does not explicitly consider the effects of plasmodesmata, if any. However, a very similar expression would result if they were considered (19) .
To estimate D from sorption kinetics, one makes use of standard diffusion theory as applied by Molz et al. (22) . The equation used is D = slope/C2 where "slope" is obtained from a semilog plot of I minus the fractional water uptake of the rehydrating stem, and C2 is a constant depending on the geometry of the stem tissue. The details of the calculation will be given later.
MATERIALS AND METHODS
Plant Material. Soybean (Glycine max L. Merr. var. Wayne) seedlings were grown from seed in Vermiculite in a dark, humid chamber (temperature = 29 ± 0.5 C), as previously described (6 Figure 3 . The constant c2 = a12 (p -1)2/(r3 -r2)2, with a value for a being obtained from tables (22) . For our The D values obtained from the component and kinetic analyses differed by a factor of 3.5. There are at least two reasons why the kinetic analysis would be expected to result in a slightly high estimate for D. First, it is possible for water to leak through the cut edges and epidermis. Second, the xylem, which we assumed to be a cylinder of thickness r2 -ri, was actually distorted slightly into a cube shape with rounded corners. This would shift the sorption kinetics toward the plane sheet case and away from that of a hollow cylinder. Both effects would tend to increase the sorption rate above that predicted by the theory (10) . Therefore, the D value obtained from the kinetic analysis probably can be viewed as an upper bound for the actual tissue diffusivity.
Measured and Predicted Water Potentials. Water forced through a hypocotyl with pressures similar to the measured water potential of growing tissue gives exudation rates about 10 times the rate of water uptake for cell enlargement (6) . Therefore, the roots and xylem of the hypocotyl do not constitute significant barriers to water movement of the growing cells. The barrier is the growing tissue and is encountered when water moves outward from the xylem. 
wherein it is assumed that d4,/dr at r = r:i is zero (no water crossing the epidermis). Because the xylem resistance of hypocotyls is quite low (6) Relatively small potential gradients are required to supply water to the pith as compared to the cortex (Fig. 4) . This is because the pith is of less volume and surrounded on the outside by the xylem. Thus, the relatively large area of the water supply coupled with the smaller water requirements of the pith result in lower water potential gradients.
It is clear from equation 7 that the magnitude of 4 at any position in the tissue depends primarily on a. The parameter a is directly proportional to G and inversely proportional to D. Increasing G will lead to lower tissue water potentials and steeper gradients. Increasing the diffusivity does the inverse. Increases in e + ?r, which would ordinarily be expected to increase a, would increase D by almost the same amount. Thus, 4 is relatively insensitive to E + -7 (see Appendix). If in the analysis d4/dr were not zero at the epidermis (such as would be expected if transpiration occurred across the epidermis), the cortex water potential distributions of Figure 4 would be steeper everywhere by an amount equal to l/r times d4/dr at r = r:,.
DISCUSSION
The theoretical analysis of water movement through hypocotyl tissue began with the assumption that water would flow along any path through the tissue at a rate proportional to the conductivity of the path. Therefore, no specifications of the particular type of flow between cells was required (Appendix). From this assumption and the anatomical properties of the tissue, it was possible to calculate water potentials at various locations within the tissue as water moved radially outward from the xylem into the tissues of the growth region.
The results suggest strongly that significant growth-induced water potentials arise in plant tissue even though the individual cells of the tissue are almost in equilibrium with their local osmotic environment. These water potentials are required despite the slow rates of water movement because the flow pathway through the tissue has a relatively low hydraulic conductivity. For individual cells, the differences in water potential are too small to measure but, over macroscopic distances, they become detectable. In the present work, the thermocouple psychrometer indicated water potentials ranging from -1.7 to -2. 5 (25, p. 375) and these center on 2 x 10-7 cm' sec-' bar-', which was used here.
A somewhat larger number of estimates of K are available, and for higher plants, these are on the order of 10-6 cm sec-' bar-' (11, 31) . For a number of reasons, both P and K are probably only reliable within a factor of 2-to-3 fold. Consequently, D (Fig. 4) It is important to note that the growth-induced water potentials observed in excised and intact hypocotyl tissue are similar to those predicted by the analysis presented here when an average water potential is calculated for the tissue as a whole. For the intact tissue, it would seem that the correct average may be 4,., the average for the cortex alone. For excised tissue, the relevant average would include both the pith and cortex wei.ghted according to their relative volumes, i.e. 44 = (V[)A4) + V4,)/(V1, + Vt).
The xylem probably would have little effect on 4p, because it is quite rigid, has a relatively low water capacity, and would contribute little water to the equilibration process (21) . For the three a values shown in Figure 4 , the corresponding average water potentials are -0.95, -1.7, and -2.4 bars if the cortex alone is used, and -0.88, -1.6, and -2.2 bars if the pith and cortex averages are combined according to their relative volumes. The averages based on the component estimate for the diffusivity (-2.2 and -2.4 bars) are in good agreement with thermocouple measurements. Those based on the kinetic analysis (-0.88 and -0.95 bars) tend to be low by a factor of 2 to 3 but still well above the water potential differences expected between an individual cell vacuole and the cell exterior.
In view of the foregoing, it is likely that water potential gradients exist in rapidly growing plant tissues. Several consequences arise from this situation. First, water movement through the tissue could be enhanced if some agent increased the hydraulic conductivity of cell membranes or cell walls. Auxin has been shown to have this effect (6) . Second, the growth-controlling properties of cells must differ according to their position within the tissue. If such properties could not adapt to local conditions, disorganized growth patterns would result in the face of water potential and turgor pressure gradients.
A simple example will illustrate the second situation. There is evidence that turgor must be above a threshold (Y) in order for growth to occur (9) . Although the relationship between turgor and cell enlargement appears somewhat variable (14) , we will adopt for convenience the simple expression relating turgor and growth: The steady growth process in a cylinder of hypocotyl tissue external to the xylem would then be given in the Appendix: (9) which is simply equation 1 (29) suggested that such a situation may exist in oat coleoptiles. In their study, the kinetics of water uptake did not depend on coleoptile length. They predicted that growth-induced water potentials (-0.8 to -2.5 bars) were situated across the epidermis and caused water to enter the coleoptile cells primarily through the epidermis.
It seems clear that growth-induced water potentials may arise in some rapidly growing tissue systems because of the necessity for water to move macroscopic distances through cells unmodified for water transport. Many plant tissues have anatomical features resembling hypocotyls and require water to move similarly long distances from the vascular tissue; e.g. leaves exhibit growthinduced water potentials (3, 4) . Therefore, growth-induced water potentials may be of wide occurrence. Since the equations in the Appendix could be derived for tissues having geometries different from those of hypocotyls, the analysis presented here could be applied to other systems, at least in principle. Because of the generality of the approach, the present development represents the philosophy that would have to be followed for the application of the growth theory described by Lockhart (15), Green et al. (14) , and Ray et al. (27) Although the derivation process was somewhat elaborate, the final equation which resulted was similar to that derived earlier by Philip (26) except for the diffusivity. For simplicity, therefore, the outline of the derivation of equation as it applies to this study will be made using the approach of Philip (26) . The result will be conceptually valid, although the strictly correct expression for the diffusivity will not result. where Qij = rate of flow from cell i to cell j (cm;' sec-'), 4i = water potential of cell i (bar), K = permeability of the "effective membrane" consisting of the cytoplasm surrounding the vacuole (cm sec-' bar-'), and A = "effective cross-sectional area" of membrane perpendicular to flow (cm2 In obtaining the first term on the far right side of A7, we followed Philip (26) by assuming that turgor pressure was proportional to cell volume deformation at a given time. Recent studies have indicated that the elastic modulus E varies considerably with turgor pressure (8, 32) . There are three reasons why this observation should not cause serious problems in the present study. First, in our experiments, the cells were at the highest turgidity obtainable during growth (average turgor pressures of 3.5-4.5 bars), and in the higher turgidity range, e tends to be nearly constant (8) . Second, the turgor pressure differences between cells probably were not large, and the variation in E throughout the tissue would be correspondingly small. Third, the parameter a in equation 4 A nonlinear form of equation A12 could be developed which would allow for variable diffusivity. However, the quality of existing data does not appear to justify such an extension at the present time, although this may change in the near future.
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